A novel bHLH-PAS factor with close sequence similarity to hypoxia-inducible factor 1␣ regulates the VEGF expression and is potentially involved in lung and vascular development (vasculogenesis͞tubular Medicine, Ann Arbor, MI, February 14, 1997 (received for review December 26, 1996 
Vascular endothelial growth factor (VEGF) is a specific mitogen for endothelial cells that has been shown to be expressed in many tumor cell lines and vascular smooth muscle (1, 2) and is important not only for vasculogenesis and angiogenesis, but also for the maintenance of existing blood vessels (3) . VEGF gene expression is induced by environmental stresses such as hypoxia, anemia, myocardial ischemia, and tumor progression to initiate subsequent angiogenesis and neovascularization (4) (5) (6) .
Recent studies have revealed that the VEGF gene is induced through binding of a protein factor designated hypoxiainducible factor 1 (HIF1) to the hypoxia response element (HRE) upstream of the VEGF gene (7) (8) (9) . HIF1 was originally found as a critical mediator for inducible expression of the erythropoietin (Epo) gene by hypoxia (10) , and has been shown to activate transcription of many genes including tyrosine hydroxylase (11) , inducible nitric oxide synthase (12) , and various glycolytic enzymes (13, 14) in a hypoxia-dependent manner. Recent cDNA cloning has demonstrated that HIF1 is a heterodimer composed of HIF1␣ and HIF1␤ (15) . The latter is a factor already known as Ah receptor nuclear translocator (Arnt), which functions in association with the Ah receptor (AhR) as a mediator of various biological and toxicological effects of dioxin and other xenobiotics (16) . HIF1␣ is a novel factor comprising a basic helix-loop-helix (bHLH) domain and a Per-Arnt͞AhR-Sim (PAS) domain in the N terminus and exhibiting a striking homology with transcription factors encoded by Drosophila sim (dSim) (17) , a master gene regulating the CNS midline development, and D. trachealess (dTrh) (18, 19) , a regulator of development of the O 2 delivery system such as trachea. Interestingly, a basic amino acid sequence immediately prior to the N terminus of the HLH domain, which is known to be the site for DNA recognition, is completely conserved between HIF1␣ and dTrh (18, 19) .
In the course of searching for novel dimerization partners of Arnt, we isolated a cDNA clone encoding a bHLH-PAS protein closely related to HIF1␣ and dTrh, which we term HLF (HIF1␣-like factor). Although HLF exhibits very similar characteristics to HIF1␣ in the properties of dimerization, DNAbinding, and transcriptional activation, their modes of expression are quite different from each other, in that HLF mRNA is abundantly expressed in a variety of organs including lung, heart, and other organs of adult mice in a normoxic state, whereas HIF1␣ mRNA is ubiquitous at much lower levels. In lung development around parturition, expression of HLF mRNA was markedly enhanced, while the low levels of HIF1␣ mRNA remained apparently unchanged. These expression patterns of HLF mRNA were found to closely parallel those of VEGF mRNA. Whole mount in situ hybridization experiments demonstrated that HLF was expressed in vascular endothelial cells at the middle stages of mouse embryo development where HIF1␣ was almost undetectable. Proposed regulatory functions of HLF include transcription of genes for VEGF and glycolytic enzymes and development of the vascular and pulmonary tubular system.
MATERIALS AND METHODS
Isolation of HLF cDNA. The yeast two-hybrid screening was performed as described in the manufacturer's protocol (Stratagene) using a prey phagemid library constructed from poly(A)-RNA isolated from ddy mouse hypothalamus with a cDNA insert for the bHLH-PAS domain of human Arnt as a bait plasmid (20) . Approximately one million of yeast transformants were screened by ␤-galactosidase filter assay to isolate one positive clone. Screening a skeletal muscle cDNA library (21) with the isolated cDNA clone as a hybridization probe isolated two positive clones, and the cDNA inserts were sequenced in both directions.
Fluorescent in Situ Hybridization (FISH) for Chromosome Mapping. Preparation of R-banded chromosomes and FISH were performed as described (22) .
Recombinant Plasmids. pEFBOS (23) and pGAD-Arnt (24) were described previously. pGBT-HIF1␣ (amino acids 1-324) and pGAD-HIF1␣ (amino acids 1-324) were constructed as follows. Oligonucleotide primers (5Ј-TCACCATG-GAGGGCGCCGGC-3Ј and 5Ј-TCATGTATCTTCTGAT-TCAACTTT-3Ј) were used to amplify the bHLH-PAS region of human HIF1␣ (hHIF1␣), and the amplified products were inserted into the blunt-ended XmaI site of pGBT9 and pGAD424. pGBT-HLF and pGAD-HLF were constructed by inserting the SmaI cDNA fragment of HLF (amino acids 1-322) into the blunt-ended SalI sites of pGBT9 and pGAD424, respectively. pSV40 promoter-EpoHRE-Luc plasmid was constructed by inserting the four HREs of the Epo gene (coding strand, 5Ј-GATCGCCCTACGTGCTGTCTCA-3Ј, the core sequence of the HRE is underlined) in tandem into the BglII site of pGL3 promoter plasmid (Promega). The pVEGF promoter (nucleotides 282-1230 in ref. 25 )-Luc plasmid and pVEGF promoter (nucleotides 320-1230)-Luc plasmid were constructed by inserting the PCR-amplified DNAs into the SmaI site of pGL3 basic plasmid (Promega). The primers used for amplifications were 5Ј-TGCCAGACTACACAGTGCAT-ACGTG-3Ј, 5Ј-AAGCCTCTGCGCTTCTCACC-3Ј, and 5Ј-GTCTCACTCCCCGCCACTGA-3Ј. pSV40 promoterVegfHRE-Luc plasmid was constructed by inserting four copies of the HRE oligonucleotide (coding strand, 5Ј-T C G A T A C A C A G T G C A T A C G T G G G T T T C -CACAGGTCGTCT-3Ј, underlined as indicated above) of the VEGF gene into the SmaI site of the pGL3 promoter plasmid. pBOS-HIF1␣, pBOS-HLF, and pBOS-Arnt were constructed by inserting full-length hHIF1␣ cDNA (a gift from I. Whitelaw and L. Poellinger, ref. 26) , mouse HLF (mHLF) cDNA (nucleotides 1-3198), and hArnt (27) , respectively, into the blunt-ended XbaI site.
Coimmunoprecipitation Assay. Full-length cDNAs of HIF1␣ and HLF cloned in pBluescript vector were used to generate their 35 S-labeled translation products in vitro by the TNT-coupled reticulocyte lysate system (Promega). Coimmunoprecipitation assay for protein interaction was performed as described (24) .
Electrophoretic Mobility Shift Assay (EMSA). The Epo and VEGF HRE double-stranded oligonucleotides were endlabeled by T4 DNA polynucleotide kinase with [␥-32 P]ATP (ICN). A sequence of mutated Epo HRE (5Ј-GATCGC-CCTAAAAGCTGTCTCA-3Ј, nucleotide substitutions are underlined) was used as negative control. The binding reactions were carried out as described previously (28) .
Cell Lines and DNA Transfection. A mutant cell line (c4) of Hepa-1 and Hep3B were maintained in DMEM supplemented with 10% fetal calf serum (FCS) in the presence and absence of 3.5% glucose, respectively. The expression plasmids were introduced into the cells by the Ca phosphate coprecipitation method together with a LacZ-expressing vector pENL as a standard for normalization as previously described (24).
Yeast Two-Hybrid System. Protein-protein interactions were investigated by the two-hybrid system as described previously (24) .
RNA Blot Analysis. Total RNAs were prepared from various tissues of adult mice according to published protocols (29) . Poly(A)-RNA was purified by using oligo(dT) cellulose (Sigma). Mouse HIF1␣ (mHIF1␣) (nucleotides 2514-3414 in ref. 30) , mHLF (nucleotides 1885-2685), mVEGF (nucleotides 50-951), and hG3PDH (CLONTECH) cDNAs were used as probes.
In Situ Hybridization. Embryos at 9.5 days postcoitus (dpc) and 10.5 dpc were analyzed for HIF1␣, HLF, and flt-1 expression by whole mount in situ hybridization with digoxygenin-labeled RNA used as probes, as described (31) . mHIF1␣ probe (nucleotides 2514-3365), mHLF probe (nucleotides 3025-3488), and mflt-1 probe (a gift from M. Shibuya) in pBluescript were transcribed in the antisense and sense directions. In situ hybridization was performed essentially as described (31) except for a modification where hybridization was performed in the ExpressHyb solution (CLONTECH) containing 0.3-0.5 g cRNA probe per ml at 65ЊC for 1 hr.
RESULTS
Cloning of mHLF, a Novel Member of Murine HIF1␣ Gene Family. A novel cDNA clone was isolated from a murine hypothalamus cDNA library by a yeast two-hybrid system using the bHLH-PAS domain of Arnt as prey. Two additional independent clones were isolated as described in Materials and Methods to determine the entire coding sequence. The longest open reading frame encoded a novel polypeptide of 874 amino acids with a calculated molecular mass of 97 kDa. The sequence (ACAATGA) surrounding the putative initiation codon showed a reasonable agreement with the Kozak consensus sequence (5 out of 7; ref. 32) . Sequence comparison in a protein database (GenBank) revealed that the amino acid sequence has a striking similarity to that of HIF1␣ in the amino-terminal half (amino acids 1-344) including bHLH (83.9% similarity) and PAS (66.5% similarity) motifs (Fig. 1A) followed by a sequence with a moderate similarity (36.4%, amino acids 345-559). While most of the sequence in the C-terminal half was variable between this protein and HIF1␣, a small portion (63%, amino acids 824-874) of noticeable sequence similarity was found in the very C terminus. Thus, we designated this novel bHLH-PAS protein HLF. When the amino acid sequence in the bHLH-PAS region of HLF is compared with those of other members of the bHLH-PAS genes family, HLF is most closely related to HIF1␣ and dTrh (data not shown). It is notable that basic amino acids of the bHLH region involved in DNA recognition were completely conserved among HLF, HIF1␣, and dTrh (Fig. 1B) , suggesting that these factors recognize very similar, if not identical, regulatory DNA sequences.
Chromosomal Localization of mHLF. FISH experiments using HLF cDNA as probe were performed to determine chromosomal localization of the HLF gene. Hybridization signals were detected as twin spots at the E4-E5 band of mouse chromosome 17 (Fig.  2) . Because the HIF1␣ gene is reported to be localized on mouse chromosome 12 (36) , members of the HIF1␣ gene family are not clustered in the mouse genome.
Dimerization, DNA Binding, and Transcription-Activating Properties of HLF. HIF1␣ forms a dimer with Arnt and regulates hypoxia-inducible Epo expression through binding to the 3Ј-hypoxia response enhancer (15) . To clarify whether HLF forms a functional heterodimer with Arnt in a similar manner to HIF1␣, we investigated the mode of HLF and HIF1␣ dimerization with Arnt by coimmunoprecipitation assays and the yeast two-hybrid system. As shown in Table 1 , both HLF and HIF1␣ were found to interact selectively with Arnt in yeast cells. No interaction between HIF1␣ and HLF was found. In agreement with these results, HIF1␣ and HLF were coimmunoprecipitated by anti-Arnt antibodies, only when they were incubated with Arnt (Fig. 3A) . EMSA experiments using the Epo HRE sequence showed that the HLF͞Arnt heterodimer recognized and bound the HRE with similar intensity to the HIF1␣͞Arnt heterodimer (Fig. 3B) . DNA transfer experiments using the HIF1␣, HLF, and Arnt expression plasmids demonstrated that the combined expressions of HLF and Arnt synergistically activated transcription under the control of tandem arrays of the Epo HRE, in similar fashion to the heterodimer of HIF1␣ and Arnt (Fig. 3C) . Maintenance of the cells in a hypoxic condition further enhanced the activated transcription from the reporter plasmid during coexpression either of HLF and Arnt, or of HIF1␣ and Arnt (Fig.  3D) . Hypoxic enhancement of the transcription driven by the Epo HRE has already been reported with coexpression of HIF1␣ and Arnt (8) . Taken together, these results show that HLF has biochemical-and transcription-activating properties very similar to HIF1␣.
Tissue Distribution of HIF1␣ and HLF mRNA. To further study functional roles of HLF, the tissue distributions of the HLF and HIF1␣ mRNAs were investigated by RNA blot analysis. mRNAs for HLF and HIF1␣ were expressed more or less ubiquitously in all tissues examined (Fig. 4) . The level of HLF mRNA expression, however, was generally much higher (at least 10-fold) than that of HIF1␣ mRNA, because the time for exposure in autoradiography was one order of the magnitude longer with HIF1␣ (2 weeks) than with HLF (36 hr) in Fig. 4 . Interestingly, the VEGF gene, which is known to be transcriptionally activated by HIF1 (7-9), was also expressed abundantly in lung, heart, and liver, and was hardly detectable in testis. Its expression patterns appeared to be coordinated with that of HLF rather than that of HIF1␣. To pursue this relationship between HLF and VEGF mRNA expression patterns, expression of HLF and VEGF during lung development was examined by RNA blot analysis (Fig. 5) . HLF and VEGF mRNAs were expressed scarcely in the lung of 13.5 dpc and 15.5 dpc, and became prominent in the 17.5-dpc and postnatal day 0 (P0) lung, and highly abundant in the adult lung. On the other hand, HIF1␣ expression levels were constantly low throughout lung development. The detailed expression of HLF and VEGF mRNAs in the lung was determined by in situ hybridization experiments. VEGF mRNA was expressed in the epithelial cells of pulmonary alveoli in the P0 and adult lung. HLF mRNA was coexpressed with VEGF mRNA ubiquitously and intensely at least in alveolar epithelial cells of the P0 (Fig. 5 ) and adult mice (data not shown), whereas HIF1␣ was not significantly expressed in these cells.
Transcriptional Regulation of the VEGF Gene by the HLF͞ Arnt Heterodimer. The coordinated expression of HLF and VEGF suggested that HLF may regulate the VEGF gene during the developmental process and in adult tissues. Thus, we investigated whether HLF activates the transcription of the VEGF gene through binding to the HRE sequence upstream of the VEGF gene. The VEGF promoter region (nucleotides 282-1230) was ligated to the upstream of the firefly luciferase gene (Fig. 6A) Yeast strain SFY526 containing lacZ under the control of the GAL1 promoter was cotransfected with the indicated plasmids, and ␤-galactosidase activities were determined. *␤-galactosidase activity (Miller units). 
Spatiotemporal Expression of HIF1␣ and HLF in Early
Embryogenesis. To gain an insight into their possible functions in mouse embryogenesis, spatiotemporal distribution patterns of HIF1␣ and HLF mRNAs were investigated by whole-mount in situ hybridization at 9.5 and 10.5 dpc. HLF mRNA was expressed abundantly in the vascular system in 9.5-dpc embryos ( Fig. 7 B and D-H) , and a transverse section showed that HLF was expressed in the endothelial cells of the dorsal aorta (Fig. 7F) . HIF1␣ was also expressed in similar regions to HLF, albeit at much lower levels (Fig. 7A) . Expression in the vascular endothelial cells was confirmed by the expression of flt-1 (Fig.  7D ) and flk1 (data not shown) used as reference standards for vascular endothelial cells expression (37, 38) . In 10.5-dpc embryos, HLF became prominent in the sympathetic ganglion and sprouting vessels of the head mesenchyme (Fig. 7 G and  H) , in addition to high expression in vascular endothelial cells, including the dorsal aorta and intersomitic plexus, whereas HIF1␣ expression remained very low in the same tissue as it was at 9.5 dpc (data not shown).
DISCUSSION
We have described isolation of cDNA for a novel bHLH-PAS protein closely related to HIF1␣, designated HLF. Comparison of its amino acid sequence with those of other bHLH-PAS proteins reported so far revealed that the sequence of the bHLH-PAS domain sequence is highly conserved among HLF, HIF1␣, and dTrh. In particular, the basic sequences immediately prior to the N terminus of the HLH domains, which are directly involved in the DNA binding, show a perfect identity with one another (Fig. 1B) . This suggests that these factors recognize very similar, if not identical, DNA regulatory sequences and may regulate a similar group of genes. This suggestion was substantiated by the coimmunoprecipitation and transient DNA transfection experiments in which HLF clearly formed a dimer with Arnt and activated reporter gene transcription driven by either VEGF or Epo HRE. The EMSA experiments also demonstrated that both HLF and HIF1␣ bound the VEGF and Epo HRE sequences in association with Arnt, and with a similar affinity. In contrast to their very similar biochemical properties, the HLF and HIF1␣ mRNAs showed distinct modes of expressions, as revealed by RNA blot analysis and in situ hybridization. Although the two mRNAs appeared to be ubiquitously expressed in all the tissues examined, the level of expression markedly differed between HLF and HIF1␣ in various tissues. HLF mRNA was expressed most abundantly in the lung, followed by heart and liver of adult mice, whereas HIF1␣ mRNA was expressed at a much reduced level (less than 10-fold). Interestingly, variation in the HLF mRNA content in various tissues closely paralleled that of the VEGF mRNA. This tendency appeared to be more prominent during development of the lung. Expression of VEGF mRNA in the lung was markedly increased from the late fetal stage in parallel with enhanced expression of HLF mRNA, whereas HIF1␣ mRNA remained constant at a much lower level. Furthermore, in situ hybridization experiments revealed that the VEGF mRNA was expressed in alveolar epithelial cells, where HLF mRNA was always coexpressed. Taken together with the structural similarity between HLF and dTrh, and the observation that HIF1␣ was expressed at a much reduced level in these cells (Fig. 5 A and E) , these results strongly suggest that HLF regulates the expression of the VEGF gene in a normoxic state through binding to the HRE sequence and is involved in tubular morphogenesis of lung and blood vessels. In a hypoxic state, HIF1␣ is known to be involved in inducible expression of the Epo gene in the Hep3B human hepatoma cell line (15) .
In situ hybridization experiments with 9.5-dpc, 10.5-dpc (Fig.  7) , and 13.5-dpc embryos (data not shown) showed that HLF mRNA was expressed in the endothelial cells of the intersomitic plexus and dorsal aorta with an expression pattern very similar to that of flk-1 and flt-1, which are known to be expressed in the vascular endothelial cells (37, 38) . In contrast, HIF1␣ was expressed at such low levels at these developmental stages that its precise expression could not be localized. At those stages of embryonic development, the VEGF gene is reported to be expressed in smooth muscle cells lining the vascular endothelium and to function as a growth factor in angiogenesis and vasculogenesis (39) , whereas flt-1 and flk-1 function as receptors for VEGF in the vascular endothelial cells in a paracrine manner. Because of a very low level of HLF mRNA expression in the smooth muscle cells of the vascular system, it remains to be clarified whether HLF was coexpressed with VEGF in vascular smooth muscle cells at those stages of vascular development. Because it is considered to regulate potentially many genes such as those for PDGF-B (40), endothelin-1 (33), and various glycolytic enzymes (13, 14) by binding to the HRE, HLF may play physiological roles other than the proposed regulation of VEGF mRNA expression in vasculogenesis and maintenance of blood vessels.
